Suitably designed optical fibers are shown to offer a powerful tool for functional brain mapping, facilitating the detection of Cherenkov radiation generated by relativistic positrons from positron-emitting radionuclides. Fiber probes support a low-loss delivery of the high-intensity short-wavelength part of the Cherenkov spectrum, which is strongly absorbed by biotissues, and lower the threshold positron energy ε required for Cherenkov radiation relative to ε values typical of biotissues, thus enhancing the conversion of positron energy into Cherenkov radiation.
I. INTRODUCTION
Most of the radionuclides used for positron-emission tomography (PET) [1] give rise to positron-emission spectra that include a considerable fraction of relativistic particles traveling faster than the speed of light in a biotissue medium [2] . Cherenkov radiation [3] emitted by these positrons has been recently shown [4] [5] [6] [7] to enable a promising new method of optical imaging, which offers an attractive alternative to the standard PET approach, allowing well-established optical detection methods to be employed in place of γ -photon correlation analysis. A broader use of this imaging technique is, however, impeded by a strong absorption of biotissues in the ultraviolet (UV) and the short-wavelength part of the visible spectrum, which dramatically lowers the intensity of the detected Cherenkov radiation, whose spectral intensity rapidly increases with frequency [8] . Unless special methods are employed for the Stokes conversion of Cherenkov-radiation wavelength (e.g., through the use of suitable nanoparticles [7] ), strong absorption of short-wavelength radiation by biotissues restricts the detection of the imaging signal to the longwavelength range (700-900 nm [5] ), where the intensity of Cherenkov radiation is low.
Here, we show that suitably designed optical fiber probes offer attractive solutions to the key issues of positron-emissionassisted Cherenkov-radiation brain mapping. We demonstrate that optical fiber probes can support a low-loss delivery of the high-intensity short-wavelength part of the Cherenkov spectrum and lower the threshold energy for Cherenkov radiation by relativistic positrons, picking up a much broader range of positron kinetic energies than is possible for positrons propagating through a biotissue. An overall anticipated enhancement of the Cherenkov signal provided by fiber probes in brain tissues will be shown to exceed three orders of magnitude.
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II. CHERENKOV RADIATION FROM RELATIVISTIC POSITRONS IN SOFT MATTER
The general physical principles dictate fundamental limitations on the efficiency of collection of Cherenkov radiation generated by relativistic positrons from PET radionuclides and scattered by brain tissues. The second law of thermodynamics applied to this problem prohibits an increase in the number of photons per spatial mode, or the radiance, defined as radiation power per unit area per unit solid angle. In an alternative formulation, this fundamental principle allows no decrease in theétendue, or the volume of the spatial mode in the x, y, k x , k y phase space, where x and y are the transverse coordinates and k x and k y are the transverse components of the wave vector [9] . More specifically, the collection efficiency of an optical fiber used to pick up the Cherenkov signal from relativistic positrons scattered by biotissues will be controlled by the number of modes guided by this fiber, N f = 0 / m , where m is the phase-space mode volume, 0 = S 0 0 , S 0 is the fiber mode area, and 0 is the mode acceptance solid angle. For a multimode fiber, S 0 ≈ πa 2 0 , where a 0 is the fiber core radius. Then, representing 0 = π (NA) 2 , where
1/2 is the numerical aperture of the fiber (n f and n c being the refractive indices of the fiber core and the fiber cladding, respectively), and taking into account that the mode phase-space volume is constant and is given by m = λ 2 , where λ is the radiation wavelength, we arrive at N f ≈ (πNAa/λ) 2 . For incoherent sources, such as Cherenkov radiation from positrons scattered by biotissues, the number of photons per spatial mode is very low. Thus, from the thermodynamic viewpoint, high-NA, large-core fibers are required for an efficient collection of Cherenkov radiation from positrons in biotissues. While the above arguments are instructive in identifying the fundamental limit on the collection efficiency of a fiber probe for the Cherenkov signal from relativistic positrons, a more problem-specific analysis is necessary to understand the utility of fiber probes for positronemission-assisted Cherenkov-radiation brain mapping and to quantify the figure of merit of such probes. The difficulty of such an analysis stems from the necessity to develop a model combining elements from relativistic electrodynamics of continuous media, guided-wave optics, and optics of random media, such as biotissues. In what follows, we propose such a cross-disciplinary model and employ this model to examine the fiber-probe enhancement of positron-emission-assisted Cherenkov-radiation brain mapping.
Positron-emission-assisted Cherenkov-radiation imaging [4] [5] [6] [7] is based on a spatially resolved detection of Cherenkov radiation generated by relativistic positrons emitted by PET radionuclides (Fig. 1) . Positrons can give rise to Cherenkov radiation only if their velocity v exceeds the speed of light in a tissue, v > c/n, where c is the speed of light in vacuum and n is the refractive index of the tissue. Widely used PET isotopes provide a sufficient number of positrons with v > c/n to enable efficient generation of Cherenkov radiation [4] [5] [6] [7] 10] . In particular, the mean energy of positrons emitted by 18 F isotopes is estimated as ε m ≈ 250 keV [2] . For a biotissue with a typical refractive index n t ≈ 1.33, the minimum energy of positrons required for Cherenkov radiation, i.e., the energy corresponding to a threshold positron velocity v th = c/n, is ε t ≈ 264 keV. This is slightly higher than the mean energy of positrons emitted by 18 F, but is still low enough to provide efficient Cherenkov-radiation generation. As convincingly demonstrated by recent elegant experiments [4] [5] [6] [7] , this Cherenkov signal enables a promising imaging technique with γ -quantum-correlation analysis replaced by conventional optical detection methods. The efficiency of Cherenkov signal delivery to a detector is, however, severely limited by the attenuation of biotissues, which becomes prohibitively high in the short-wavelength range, where the Cherenkov signal is especially intense. Figure 2 (a) puts this issue in the context of neuroscience by comparing a typical attenuation spectrum of a brain tissue [11] with a characteristic spectrum of Cherenkov radiation, calculated with the use of a standard approximation [8] :
where ω is the radiation frequency. As can be seen from this comparison, the most intense part of the Cherenkov-radiation spectrum is inevitably blocked by a strong attenuation of a biotissue in the short-wavelength region, allowing detection of only a small portion of the Cherenkov signal falling within the range of wavelengths from 700 to 900 nm. A fiber-optic probe suggests an attractive solution to this problem. The recently developed fiber-based optical brain interfaces allow a fiber probe to be immersed directly into a brain of a living animal through a fiber-guiding cannula in a small hole in the skull [12, 13] . We show below that this approach, which causes no pain to an animal and produces much less damage to brain tissues than metal electrodes would, also offers attractive solutions for the efficient collection of the Cherenkov radiation generated by relativistic positrons from PET radionuclides in a living brain. Figure 1 sketches an optical fiber probe used to pick up a part of positron trajectories generating the Cherenkov signal. Generation of Cherenkov radiation by relativistic charged particles and γ radiation in optical fibers has been intensely studied in the earlier work [14, 15] , where this effect has been often treated as an unwanted source of background. To quantify the figure of merit provided by a fiber probe for positronemission-assisted Cherenkov-radiation brain mapping, we introduce a ratio η = P f /P t of Cherenkov signal powers P f and P t detectable in Cherenkov-radiation brain mapping arrangements with (subscript f ) and without (subscript t) a fiber probe. To calculate P f and P t , we use Eq. (1) to represent the intensity of the detected Cherenkov signal as
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where f and t are the solid angles within which the signal is collected with and without a fiber probe, respectively, α t and α f are the attenuation coefficients of the tissue and the fiber, l t and l f are the Cherenkov-radiation propagation paths in the tissue and in the fiber, f(E) is the positron energy distribution function, and m is the electron mass. Integration over the energy in Eq. (2) accounts for the contribution of positrons with different energies. Since only positrons with velocities exceeding c/n t,f generate Cherenkov radiation, the lower limit of this integration is taken equal to the respective threshold energy ε t,f . A higher refractive index of the fiber core n f > n t serves to reduce the threshold positron energy ε for Cherenkov radiation, allowing a more efficient use of the spectrum of emitted positrons. Indeed, using the relation between the kinetic energy of a relativistic positron and its velocity [8] ,
, we find that the minimum positron velocity v th = c/n required for Cherenkov radiation is achieved with an energy ε = mc 2 [n(n 2 − 1)
. With a typical refractive index of a biotissue n t ≈ 1.33, this threshold positron energy is ε t ≈ 264 keV. For a typical refractive index of a silica fiber core around a wavelength of 200 nm, n t ≈ 1.6, the positron threshold energy is ε f ≈ 140 keV, which is considerably lower than ε t and which allows maximum probability positrons corresponding to the mean positron energy ε m (ε m ≈ 250 keV for 18 F [2] ) to contribute to the detected Cherenkov signal.
The most significant advantage of a fiber probe as a tool for the delivery of Cherenkov radiation in positronemission-assisted brain mapping is, however, due to a much lower attenuation in the short-wavelength visible and near-UV regions of the Cherenkov-radiation spectrum. To illustrate this argument, we consider a factor ψ(λ) = λ −3 exp(α t,f l t,f ) under the integral in Eq. (2), which dominates the spectral behavior of the Cherenkov signal transmitted through an optical fiber or through a biotissue. In the case of a brain tissue, minimum attenuation of ∼α t ≈ 0.4 cm −1 is achieved around the wavelength λ t ≈ 730 nm. For 18 F isotopes, a typical positron range inside a biotissue (controlled by electronpositron annihilation) is l p ≈ 0.1 mm [2] , with Cherenkovradiation generation tightly confined to a parent radionuclide. This provides a high spatial resolution of imaging based on Cherenkov radiation, but implies that Cherenkov radiation has to travel through the entire sample before it can reach a detector. We estimate this propagation path as l t ≈ 3 cm for mouse brain and l t ≈ 10 cm for larger mammals. The dotted and dashed lines in Fig. 3 show the relevant spectra of the Cherenkov signal transmitted through such propagation paths in a medium with a typical attenuation spectrum of a brain tissue (the dashed line in Fig. 2 ).
Attenuation of a fiber probe within the range of wavelengths from 250 to 1000 nm (the solid line in Fig. 2 ) is modeled by using the generic expression for the Rayleigh loss, α f = κλ −4 . For standard telecommunication fibers, the coefficient κ dB ≈ 4.343κ ranges from 0.7 to 0.9 dB km −1 μm −4 [16] . For conservative estimates, we use the upper-bound value of this coefficient in our calculations, κ dB ≈ 0.9 dB km −1 μm 4 . For wavelengths shorter than 250 nm, the spectral dependence of fiber attenuation is corrected in such a way as to mimic typical attenuation spectra of optical fibers specifically designed for the UV range [17] , with attenuation at 160 nm being an order of magnitude higher than that at 250 nm, leading to a drastic drop in the transmission for λ < 200 nm (the solid line in Fig. 3 ).
Much lower attenuation in the short-wavelength range attainable with an appropriate fiber probe helps collect and deliver a much more intense Cherenkov signal. To illustrate this argument, we extrapolate the α f = κλ −4 Rayleigh-limit spectral dependence of fiber attenuation to shorter wavelengths and search for the maximum of the Cherenkov-radiation spectrum transmitted through the fiber by differentiating the factor ψ(λ) in λ and equating the resulting expression to zero. We then find that the peak of the transmitted Cherenkov-radiation spectrum is achieved at the wavelength λ 0 = (4κl f /3) 1/4 ≈ 130 nm. In reality, this peak is shifted by a drastic drop in the fiber transmission beyond 200 nm and is achieved around the wavelength λ f ≈ 170 nm (the solid line in Fig. 3) .
We are now in a position to estimate the integral in Eq. (2) to derive the following approximate expression for the figure of merit η:
where ( E) t,f = ε max − ε t,f , ε max is the maximum energy of positrons (ε max ≈ 635 keV for 18 F [2]), ( λ) t,f are the bandwidths of maximum transmitted Cherenkov signal centered at λ t,f , and
. Putting all the above estimates together, we find (λ t /λ f ) 3 ≈ 80 for l t ≈ 10 cm and ≈65 for l t ≈ 3 cm,
, and θ t /θ f ≈ 1.6. The solid angle of Cherenkov-radiation collection without a fiber is set to be equal to its maximum possible value, t = 4π . For a fiber probe, the solid angle of signal collection,
, is controlled by the numerical aperture of the fiber NA = (n 2 f − n 2 c ) 1/2 , where n c < n f is the refractive index of the fiber cladding.
For standard optical fibers, the numerical aperture is low, leading to a standard approximation f ≈ π (NA/n t ) 2 . For microstructure fibers, the refractive index of the cladding can be suppressed by increasing its air-filling fraction. For a conservative estimate, we take f / f ≈ 0.1. Putting all these estimates together yields the following estimate for the figure of merit: η ≈ 2 × 10 3 for l t ≈ 10 cm and η ≈ 90 for l t ≈ 3 cm.
To provide an estimate on the number of photons emitted in the Cherenkov signal with the above-specified experimental approach, we consider a radiotracer with a positron-emission activity ≈ 1 μCi. This level of is typical of, e.g., 2 -deoxy-2 -[
18 F]fluoro-D-deoxyglucose (FDG) 18 F-containing radiotracer [18] , which is successfully used for in vivo Cherenkovluminescence tomography of tumors in mice [5] . Assuming a positron-emission activity concentration corresponding to the conditions of such experiments, A p = 6π
≈ 0.6 kBq/ μl, d ≈ 5 mm being the tumor diameter, and using the available data for the Cherenkov-emission radiance ξ of 18 F radionuclides in water (the positron range for water, l p ≈ 1 mm, is close to that of lung tissue, l p ≈ 1.5 mm [19] ), ξ ≈ 3 × 10 6 photons/(s cm 2 sr) at this level of A p [18] , we estimate the total number of Cherenkov photons emitted in such an experiment as N C ≈ πd 2 ξ ≈ 2.4 × 10 6 photons/s, which is much higher than the detection limit in optical experiments of this class [5, 18] .
The uptake of PET radionuclides by a biological tissue is a function of its metabolic activity. Local quantitative assessment of PET radionuclide accumulation is therefore of paramount importance for the functional mapping of biological systems. An important advantage of the fiberbased positron-emission-assisted Cherenkov-radiation brain mapping technique is that the fiber probes considered in this work can resolve PET radionuclide accumulation in a biotissue on a spatial scale of 100 μm. Physically, this spatial scale is controlled by a typical distance between the electron-positron annihilation point and the radionuclide source. For 18 F radionuclides in water, this distance is as small as l p ≈ 100 μm [2] . This resolution would not be sufficient for the Cherenkov-radiation-based detection of individual neurons, but is adequate for the functional in vivo mapping of the key brain areas with fiber probes scanned through the brain in accordance with the procedures and protocols developed for fiber-based optical brain mapping using fluorescent proteins [12, 20] .
IV. CONCLUSION
Analysis presented in this paper demonstrates that the guided-wave delivery of Cherenkov radiation using an appropriately designed fiber probe enables a radical enhancement of positron-emission-assisted brain mapping. Fiber probes have been shown to offer promising solutions for the upscaling of positron-emission-assisted Cherenkov-radiation brain mapping to objects of real-life dimensions. An overall enhancement of the Cherenkov signal provided by fiber probes can exceed three orders of magnitude. An even higher enhancement can be achieved through fiber-probe tailoring toward improved transmission in the UV range. One possibility includes low-loss multimode guidance of the short-wavelength section of Cherenkov-radiation spectrum through an array of holes in a microstructured fiber filled with air or an appropriate low-pressure gas. Similar regimes of UV-radiation guidance are widely employed in high-harmonic generation experiments [21] . The fiber-based Cherenkov-radiation detection technique considered here is not intended to compete with the standard PET scheme, especially with regard to the noninvasiveness of the diagnostics. Instead, the method examined in this paper is ideally suited for functional brain mapping. In this field, traditional approaches, which detect the neuronal activity in brain with metal electrodes, have recently been successfully complemented and in many cases replaced by optical methods of in vivo studies [22] [23] [24] , which make extensive use of optical fibers [25, 26] . The method considered in this paper is fully compatible with the recently developed fiber-based optogenetic interfaces [12] , offering a promising tool for multiparametric in vivo studies of neurophysiological processes.
